ABSTRACT: Rates of predation on juvenile blue crabs Cahnectes sapidus (12 to 64 mm carapace width) in eelgrass Zostera marina, sea lettuce Ulva lactuca, and paired adjacent unvegetated substrates, and a Spartina marsh creek were compared using 24 h tethering experiments from July to October 1987. Vegetation provided the best cover from predation, with mean predation rates in sea lettuce of 9 O/O and in eelgrass of 20 %, compared with mean rates of 40 % or greater in unvegetated controls and the marsh creek Seasonal changes in rates of predation on crabs occurred in eelgrass and sea lettuce habitats indicating that the refuge value of these macrophytes varied seasonally. Sea lettuce, previously considered a poor habitat for decapod crustaceans, provided effective refuge for blue crabs and should be considered a potential nursery habitat.
INTRODUCTION
The blue crab Callinectes sapidus occurs in estuarine waters of the east coast of the United States from New England to South Florida and the Gulf of Mexico and is the basis for large and important commercial and recreational fisheries in many of these areas , Williams 1984 . Adults occupy seagrass meadows, unvegetated sediments, Spartina marsh creeks, and macroalgae (Heck & Thoman 1984 , Williams 1984 , utilizing these habitats as sources of food, shelter, and refuge from predation (Orth et al. 1984 , Williams 1984 , Hines et al. 1987 . Extensive research on adult biology (e.g. Pearson 1948 , van Engel 1958 , Williams 1965 , Tagatz 1968 , Hines et al. 1987 , behavior (Jachowski 1974) , and feeding ecology (Blundon & Kennedy 1982 , Laughlin 1982 , Lipcius & Hines 1986 ) has shown that, in systems where the blue crab is abundant, it is an important predator, controlling the abundance of some bivalves (Arnold 1984 , Lipcius & Hines 1986 , and the diversity and structure of parts of the benthic community (Virnstein 1977 , Laughlin 1982 , Holland et al. 1980 .
Little is known, however, of the natural history of early juvenlle blue crabs or their role in benthic communities. Only recently were detailed comparisons of O Inter-Research/Printed in F. R. Germany habitat utilization and seasonal abundance patterns of juveniles described for Chesapeake Bay (Orth & van Montfrans 1987) and southern New Jersey (Wilson et al. 1990 ).
Field and laboratory experiments have shown that seagrasses are effective refuges, reducing rates of predation on a variety of decapod crustaceans (Heck & Thoman 1981 , Barshaw & Lavalli 1988 including the blue crab . Several species of red drift algae have also been shown to reduce rates of predation on shrimps (Coen et al. 1981 , Heck & Thoman 1981 and early juvenile spiny lobsters (Hermkind & Butler 1986) .
Although seagrass beds are extensive in much of the northern portion of the blue crab's range, associated drift algae (such as the rhodophytes Laurencia spp. and Gracilaria spp.) are less common and do not form the massive aggregations or beds seen in sub-tropical estuaries (Hooks et al. 1976 , Thorhaug & Roessler 1977 , Gore et al. 1981 ). In the mid-Atlantic states, however, estuaries lacking red drift algae commonly contain large quantities of the (attached or drifting) green macroalga Ulva lactuca (sea lettuce), on otherwise unvegetated substrate (Orris & Taylor 1973 , Loveland et al. 1984 . In addition, salt marshes are major components of these estuaries (Chizmadia et al. 1984) and may be potential nursery habitats and refuge for juvenile blue crabs. There have been few experimental studies of the potential refuge value of marsh creeks for decapod crustaceans (Boesch Sr Turner 1984 , Zimmerman & Mine110 1984 and none for U. lactuca beds, and yet they comprise some of the most dominant shallowwater estuarine habitats of New Jersey and Delaware.
In this study we examined experimentally relative rates of predation on juvenile blue crabs among several dominant New Jersey estuarine habitats by estimating predation rates in eelgrass Zostera marina, sea lettuce Ulva lactuca, Spartina marsh creeks and unvegetated sediment. We confirm results from earlier studies that submerged aquatic vegetation serves as refuge from predation and provide evidence that U. lactuca may be a more effective seasonal refuge than eelgrass.
STUDY SITES

Tethering experiments were conducted in Little Egg
Harbor and Great Bay (ca 39" N, 74" W) In southern New Jersey, USA (Fig. 1) . The seagrass site is located in the eelgrass meadows of Little Egg Harbor which contain scattered patches of unvegetated substrate and small clumps of algae (Gracilaria tikvahiae, Agardhiella sp.). The macroalgae site I S located ca 7 km from the eelgrass site, near the mouth of a marsh creek on Great Bay. Like much of Great Bay it has mats and drifting patches of Ulva lactuca over a sandy-mud bottom. Other species of algae that occur in the area include Gracilaria tikvahiae, Agardhiella sp., and Ceramium sp. The Spartina marsh creek study site is a small tidal tributary of Hatfield Creek located off of Great Bay ca 1 km from the macroalgae site. The creek bottom is characterized by soft, flocculent mud overlying oyster shell hash. Occasionally, several species of algae (Agardhiella sp., Ceramium sp., Polysiphonia sp. and U. lactuca) drift in the creek. Juvenile and adult blue crabs occur in all of the field sites along with other common decapod crustaceans such as Crangon septemspinosa, Palaemonetes vulgar~s, and Dyspanopeus say1 (Wilson et al. unpubl.) .
Salinities a1 all sites were very similar, ranging from 27 to 32 "!;o, but water temperatures at the sites were more variable and changed with the seasons (Table 1) . Water depth at low tide ranged from 60 to 120 cm at all sites. Table 1 . hlcan temperatures ('C) and salinities ('5,) 
METHODS AND MATERIALS
Relative rates of predation in eelgrass Zostera marina, macroalgae Ulva lactuca, unvegetated substrates adjacent to these habitats, and a Spartina marsh creek were estimated with tethering techniques similar to those used by Heck & Thoman (1981) , and Wilson et al. (1987) . Only hard, jntermolt crabs were used. One end of a ?h m length of light-weight monofilament line was tied around the lateral spines and across the dorsal surface of the carapace. A drop of 'super' (cyanoacrylate) glue was placed at the knot on the carapace securing the line to the crab. Each crab was placed in the habitat tethered by the line to a J-shaped wire stake (one crab per stake) pushed completely into the sediment. A predation loss was scored when the crab was misslng from the tether and a piece of the glued carapace remained on the line. Instances where crabs had nlolted or when it was not clear whether they might have escaped rather than being eaten were eliminated from consideration. These cases made up 4 % of the total number of tethered crabs. Sixty-five of the crabs (7.4 O/O of all tethered crabs) recovered from experiments were used a second time in subsequent trials because of a shortage of small juveniles.
We have used thls tethering technique to measure relative rates of predation among habitats, but do not contend that we are measuring absolute rates of predation. Our observations indicate that tethered crabs are able to swim, bury, or feed, and when placed in the habitat move immediately to the bottom and either bury in the substrate or hide in the vegetation.
Crabs were collected for tethering from eelgrass, Ulva patches and shallow-water unvegetated areas in the Little Egg Harbor-Great Bay estuary with seines and push nets. Sizes of tethered crabs thus closely resembled sizes of crabs in the field a t the time of the experiment. In each trial 9 measured (carapace width at lateral spines, CW) crabs were tethered in each of the treatment habitats (eelgrass, sea lettuce, and Spartina marsh creek) and in 2 control areas (unvegetated substrates adjacent to the sea lettuce and eelgrass habitats) within 3 h of each other at low tide on the same day. At the 2 vegetated sites crabs were tethered in 3 densities (low, medium, high) of eelgrass and macroalgae (3 crabs per density) in order to determine if crabs in different densities of vegetation were eaten at different rates. The tethered crabs were left for 24 h (f 1 h) and then recovered and losses scored. Nineteen trials (with 45 crabs per trial and a total of 855 tethered individuals) were conducted from 25 June to 19 October 1987. However, because of loss of tethered crabs to storms, vandalism, and other events, results are presented from a total of 674 crabs. No tethering experiments were conducted between 28 July and 24 August. For ease of presentation and analysis, data from the end of June through July are termed 'July results', and data from the end of August through September are termed 'September results'.
Density of eelgrass in the tethering sites was estimated visually in the field at the time of the experiment. Subsequently, eelgrass biomass was measured by determining the mean dry weight of total plant biomass (above and below ground) from 3 replicate quadrats (0.063 m') taken twice (July and September) in each of the sites of visually estimated low, medium, and high density vegetation (a total of 6 replicates per density).
Ulva lactuca density was also estimated visually prior to each experimental trial. In July and September U. lactuca was collected near the macroalgae sites immediately before the trials to measure macroalgal biomass by dry weight. We noted, however, that Ulva often drifted through the area and densities sometimes changed over a few hours. We also found that our unvegetated control sites adjacent to the Ulva beds were frequently disrupted by drifting macroalgae. To remedy this situation (after 25 August) we moved our Ulva slte ca 50 m , away from the area where the U1r.a drifted in large quantities, to an area where the macroalgae was less abundant, but the substrate was simllar to the original site. Here, different sized clumps of Ulva were each held down with a 65 cm length of 0.64 cm reinforcing bar lying flat on the substrate to form stationary algal patches in which crabs could b e tethered. One crab was tethered in each of the low, medium, and high density patches (3 replicates per density) as in July. The control consisted of crabs tethered in adjacent unvegetated substrate, with the sites marked by reinforcing bar (65 X 0.64 cm) resting on the substrate. This allowed us to test for differences in predation among densities of Ulva, and in the same area measure rates of predation on crabs in unvegetated sediment for the controls, with very little drifting algae confounding our control or treatment.
DATA ANALYSIS
A l-way analysis of variance (ANOVA) was used on arcsin-transformed data to test for differences in predation rates among habitats. The data were analysed for each month separately because of the problems with disrupted controls in the unvegetated sites adjacent to the Ulva in July. Planned orthogonal comparisons were made among treatment means. Differences in rates of predation on size classes were tested for with Kolmogorov-Smirnov (KS) 2-sample tests on each of the habitats for the 3 mo of data combined, except for the unvegetated habitat adjacent to the macroalgae. Only September and October size data were tested for this habitat because of the disruption by drifting Ulva in July. Sizes of tethered crabs used in each habitat for each experimental period were tested to determine if the mean crab size was similar among habitats over time. Differences anlong low, medium, and high density vegetation were tested for with l-way ANOVA and Student-Newman-Keul (SNK) tests as were differences among predation rates in the different densities of eelgrass and sea lettuce.
RESULTS
Rates of predation on juvenile blue crabs differed significantly among the habitats (Fig. 2) . Overall, crabs tethered in eelgrass and macroalgae were preyed on a t the lowest rates, and those in unvegetated a n d marsh creek substrates at the highest rates. Crabs that were recovered and used a second time in experiments were Rates of predation also varied seasonally. In July, crabs in the vegetated habitats (eelgrass and macroalgae) exhibited significantly different predation rates compared to the unvegetated controls or the marsh creek (Table 2) . Most striking was the significantly lower rate in sea lettuce (8 %) compared to the rates in eelgrass (21 %). For that time period it was difficult to distinguish between the unvegetated substrates and the marsh creek because of the presence of drifting algae across the unvegetated control adjacent to the macroalgae site. Of 9 trials in the unvegetated substrate adjacent to the Ulva, 8 were disrupted by drifting algae. In essence, the unvegetated control acted as a second macroalgae treatment, and appears to confirm results from the planned Ulva treatment. Predation rates in the creek (38 %) are at least as high as those in the control unvegetated substrate adjacent to the eelgrass (45 %).
In September, crabs in the vegetated habitats were preyed on at significantly lower rates than those in unvegetated sites (Table 2) , and predation rates were lower in Ulva (10 %) than in eelgrass (21 O h ) , but the differences were not significant. There were no significant differences between the unvegetated controls and the marsh creek, all of which had rates greater than 31 %.
In October, there were no significant differences in predation intensity among the habitats ( Table 2 ) . Predation rates in the eelgrass dropped slightly (to 13 %), as did those in the unvegetated site adjacent to the eelgrass (to 24 %) (Fig. 2) . The predation rate in Ulva, however, rose to 36 % and was not significantly different from the unvegetated sites.
Mean total biomass (above and below ground components) for visually estimated low density eelgrass was 185.6 g dry wt m-'. This was significantly different from the visually estimated medium (428.3 g dry wt m-') and high (563.0 g dry wt m-') density eelgrass (SNK, p < 0.001), although medium and high density eelgrass were not significantly different in biomass. Rates of predation in the 3 densities of eelgrass (Table 3 ) differed significantly only between the rates in the low (29.5 % eaten) and high (13.2 O/O eaten) density treatments (SNK, p < 0.05).
Mean biomass of Ulva lactuca in low density treatments was 4.8 g dry wt m-' and measurements of (SNK, p < 0.05). However, the predation rate in the low density Ulva (Table 3) was not significantly different from rates in either medium or high density Ulva treatments.
The size frequency distributions of crabs eaten in eelgrass, adjacent unvegetated substrate, and the marsh creek were not significantly different from the size frequency distribution of crabs tethered in those habitats (Fig. 3a, b, among habitats within each month found no significant differences between distributions. Differences were found, however, between months. Tethered crabs were smaller in October in all habitats (Table 4) reflecting the size of crabs in the field as a result of recruitment of small juveniles to the estuary. The mean size of crabs tethered in all habitats was similar in July and September (Table 4 ) although variation in size was greater in September. In the macroalgae it appears that the smallest and largest crabs were not eaten at the same rates (Fig. 3c ), but this was not significant (KS test, p > 0.10). In the unvegetated substrate adjacent to the macroalgae, however, there was a significant difference in size classes that were preyed upon (KS test, p <0.01), where the smallest crabs were eaten at a higher rate than larger crabs (Fig. 3d) .
DISCUSSION
Our study demonstrates the importance of Ulva lactuca as a predator refuge, and that the refuge may vary seasonally. Its value as a refuge may exceed eelgrass at some times of the year. Enhanced survival of luveniles in U. lactuca patches is surprising considering the evidence for detrimental effects of sea lettuce on growth and survival of some invertebrates (Magre 1974 , Edwards & Welsh 1982 , particularly for larval stages of decapod crustaceans (Johnson & Welsh 1985) . Toxic exudates from Ulva and low levels of dissolved oxygen associated with large Ulva beds have been suggested as the causes of morbidity and mortality of larval invertebrates and their avoidance of Ulva beds. We have found, however, that large numbers of decapod crustaceans and small fishes (Wilson et al. unpubl.) occur in U. lactuca patches in southern New Jersey. In addition, some invertebrates are closely associated with Ulva spp. Sea hares Aplysia spp. commonly live among and consume U. lactuca in Israeli coastal waters (Susswein et al. 1987) , and amphipods Eogammarus confervicolus can potentially consume half the net production of Ulva fenestrata in False Bay, Washington, USA (Price & Hylleberg 1982).
Associations of invertebrates with green macroalgae in temperate estuaries are not well known, although tropical species such as Halimeda opuntia and Penicillus capitatus can harbor many macrocrustaceans (Stoner 2985 . Stoner & Lewis 1985 . High densities of animals associated with red macroalgae species (Gore et al. 1981 ) and the value of red algae as refuge from predators (Coen et al. 1981 , Heck & Thoman 1981 , Marx & Herrnklnd 1985 have been reported. The refuge properties of red algae such as Laurencia spp. and Gracilaria spp. have been attributed to their foliose structure, which serves to increase surface area and structural complexity (Heck & Orth 1980) . The structure of these algae may also provide a complex background which prey may match (cf. Orth et al. 1984) . Ulva lactuca, however, grows in sheets, and would not seem to offer the complex background or have the structural complexity of foliose algae or seagrass. Instead, Ulva may act as an opaque barrier to visual predators (cf. Main 1987) . Prey may then hide under the sheets of Ulva and be invisible to visual predators.
Other studies have suggested a positive correlahon between macroalgae biomass and prey sunlivorship (Coen et al. 1981 , Heck & Thoman 1984 , but no such relationship was found between Ulva biomass and, blue crab survivorship. If the Ulva does act as an opaque barrier, a n d functions differently from red algae or seagrasses, then small quantities might work as well as large simply by providing cover over the sediment surface.
Ulva lactuca may also serve as an associational defense for invertebrate prey (cf. Hay 1986) . That is, some predators may find Ulva and its exudates distasteful or repulsive (Magre 1974) and avoid foraging in Ulva beds. Prey would gain some benefit from inhabiting an Ulva patch or bed, through lowered predatlon risk, even if there were some physiological costs to exposure to exudates or the low oxygen levels that may occur Juvenile blue crabs occur in a variety of vegetated and unvegetated habitats in southern Necv Jersey including marsh creeks and Ulva lactuca beds (Wilson et al. 1990 ). In Chesapeake Bay, after fall recruitment, juveniles can occur in very high densities in eelgrass beds (up to 90 m-2) after fall recruitment and at lower densities (12 m-') in marsh creeks (Orth & van Montfrans 1987) . Several coincident factors may be operating to produce such a pattern of abundance. Passive recruitment, habitat preference (Bell & Westoby 1986 ), physical factors, or predation may all influence the abundance of decapod crustaceans in particular habitats. Orth & van Montfrans (1987) suggest that predation and lack of suitable refuge in marsh creeks contributed to lower juvenile blue crab abundances relative to eelgrass beds in their study. Rates of predation in our New Jersey marsh creek were higher than the rates in eelgrass, lending support to the hypothesis that predation rates are greater in marsh creeks and that eelgrass has a higher refuge value. Certainly the data demonstrate differential rates of survival among habitat types, which could lead to different patterns of abundance. Other experiments are needed, however, to distinguish among the many factors and their interactions that may affect abundance.
Our tethering results in eelgrass and the adjacent unvegetated sedlment are similar to an earlier study on predation in various densities of eelgrass in Manahawkin Bay, New Jersey. The overall predation rates are similar (within 2 to 3 percentage points) but rates in low, medium and high densities of eelgrass at Marsh Elder Island (this study) appear d~fferent. Biomasses of the visually estimated densities, however, are lower than those from the earlier study in Manahawkin Bay. The estimated high density (563 g dry wt m-*) of this study is closer to the medium density (691.8 g dry wt measured by Wilson et al. (1987) . Thus, our experiments actually confirm earlier results that predation is Intense in eelgrass of low biomass and is relatively less at biomass levels in the region of 500 g dry wt m-'. Our experiments here did not test for predation rates in higher density eelgrass of total biomass over 1000 g dry wt m-' .
Different types of predators may influence changing patterns of predation in habitats. This may b e the case where seasonal changes in predation rates occur and in habitats where different size classes of crabs are being eaten. The size distribution of crabs eaten in the unvegetated control adjacent to the Ulva site (Fig. 3d ) suggests that different predators or different size classes of predators are feeding in this habitat than in the adjacent Ulva habitat.
Smaller crabs might be expected to be more vulnerable to predation (Orth & van Montfrans 1987) . Our results suggest, though, that in most of the habitats all sizes from 10 to 65 mm CW are vulnerable. Smaller crabs (< 40 mm CW) were preyed on at higher rates in the unvegetated site adjacent to the inacroalgae. This may demonstrate the interaction of habitat type (lack of vegetative cover) and the suite of predators that operates in that area. Smaller crabs were tethered In all habitats in October (Table 4) than in the previous months reflecting the size distribution of crabs in the field. Smaller size of tethered crabs in October might contribute to the change in predation rates and lack of differences among habitats, although other changes occur in the fall that co.uld contribute to different predation rates. For example, water temperatures show a drop in October that might influence activity patterns of both prey and predators.
The October rise in predation rates in the Ulva lactuca site suggests that the habitat is effective as a refuge for only parts of the year. Seasonal movements of predators through the area may account for some of the changes in predation. For example, small (< 4 cm total length, TL) Tautoga onitis juveniles inhablt Ulva patches (Wilson & Able pers. obs.), and larger (20 to 30 cm TL) juveniles, which are known crustacean predators (Able pers. obs.), may become more active and move through habitats in the fall while migrating to overwintering sites (Olla et al. 1978) . Further contributing to changes in refuge value of sea lettuce is the fact that, unlike eelgrass, this macroalga is ephemeral and unpredictable in abundance (Loveland et al. 1984, Wilson et al. unpubl.) . On the other hand, the root/rhizome mat of eelgrass, which remains after exfoliation in the fall (Vaughan 1982) , may stlll provide some shelter to small burying invertebrates through the winter , cf. Orth et al. 1984 . Thus, if refuge value of the various habitats is considered over the period of time in which the blue crab population may be most vulnerable to predation (fall to spring), then eelgrass mlght prove to be the more important habitat for survival.
We feel, however, that the data suggest the potential of Ulva lactuca a s a n important habitat and refuge for epibenthic invertebrates, especially in areas without seagrasses. Marsh creeks have been suggested as potential nursery areas, but the high rates of predation that we found indicate that juvenile blue crabs may suffer high mortality without some type of macrophyte shelter. The abundance a n d widespread distribution of Ulva spp, in estuarine waters suggest that this green macroalga should be more carefully studied for its nursery potential. Patches of U. lactuca in well-flushed areas, where accumulation of exudates a n d low dissolved oxygen are less likely to occur, may b e important alternative refuge for juvenile blue crabs and other economically important species that utilize estuarine nurseries.
